Patch-clamp recording techniques have permitted measurement of the fast Na+ current (INa) in isolated cardiac cells from a number of species in recent years. However, there is still only very little information concerning human cardiac INa. The purpose of this study was to describe the kinetics of INa in normal-appearing, Ca2'-tolerant, enzymatically isolated human atrial myocytes using whole-cell voltageclamp techniques. Atrial specimens were obtained from 46 patients undergoing open heart surgery. Cs+ was substituted for K' in both pipette and external solutions and Fwas added to the former. The reversal potential of the rapid inward current varied approximately 57 mV at 17+1°C with a 10-fold change in [Na+]., and the current was completely blocked by 100 ,uM tetrodotoxin, findings typical of the fast cardiac Na+ current. The tetrodotoxin dose-response curve was best fitted by an equation describing binding to high-and low-affinity sites. INa was activated at a voltage threshold of -70 to -60 mV, and peak inward current was obtained at =-30 mV (holding potential, -140 mV). The inactivation time course was voltage dependent and was fitted best by the sum of two exponentials. The relation between voltage and steady-state availability (h.,) was sigmoidal with the half-inactivation at -95.8±0.9 mV and a slope factor of 5.3+0.1 mV (n=46), and we did not observe a significant difference with disease and age. The overlap of the h. and activation curves suggested the presence of a Na+ "window" current. Recovery from inactivation also was voltage dependent and best fitted by a model describing the sum of two exponentials. Recovery occurred after an initial delay at potentials positive to -140 mV, suggesting that inactivation of human atrial INa is a multistate process. We conclude that INa of normal-appearing, Ca2'-tolerant human atrial myocytes is similar to that of other mammalian cardiac cells with the possible exception of having two tetrodotoxin binding sites. (Circulation Research 1992;71:535-546) KEY
P 5 rogress in voltage-clamp methodology has facilitated detailed investigations of the characteristics and kinetics of the fast inward Na+ current (INa) of mammalian cardiac cells1-3 including rat ventricle,2,4-6 canine Purkinje fibers,7 and feline atrium and ventricle. 89 Overall, the characteristics of INa were remarkably uniform for the various species and cell types with the exception of some species differences in the rate of development of, and recovery from, inactivation.3'10 However, the extent to which data from animal models are applicable to humans, particularly to patients with heart disease, requires clarification. Conventional glass microelectrode studies on specimens of diseased human heart provide suggestive evidence of abnormalities of INa, including a negatively shifted Vma,-fied and characterized to varying degrees. 14-2' In one such study, Bustamante and McDonald14 described the INa of isolated human atrial myocytes and demonstrated its sensitivity to tetrodotoxin (TTX) and lidocaine. Gatlin et al15 subsequently reported a preliminary de- scription of the kinetics of INa in the same cell type. However, despite their potential importance to considerations of heart rate and rhythm, the characteristics and kinetics of human atrial IN, have not been fully defined.
The purpose of this study was to use whole-cell voltage-clamp techniques22 to further characterize human atrial IM, and to examine in detail the kinetics of this current in normal-appearing, Ca2-tolerant, isolated human atrial myocytes. Possible differences due to diseaseor age-related changes also were considered. We found that the current-voltage relation and steadystate availability curve were almost identical to those of other mammalian cardiac cells. In addition, the TTX dose-response curve suggested the presence of two binding sites. Kinetic studies revealed that the time course for both development of inactivation and recovery from inactivation are best described by the sum of two exponentials, suggesting that inactivation is a multistate process. These findings are similar to those reported for other species.1 10 In addition, group comparisons did not show clear-cut differences in INa characteristics of myocytes from patients with different disease states and of different ages.
Materials and Methods

Human Cardiac Specimens
Specimens of human right atrial appendage were obtained from 46 patients undergoing corrective cardiac surgery and ranging in age from 2 to 82 years. Specimens were obtained early on during the surgical procedure and before the institution of cardiopulmonary bypass. Thirtyfive patients were male and 11 were female. Twenty-five patients underwent surgery for coronary artery disease, 11 for valvular heart disease, four for combined coronary artery disease and valvular heart disease, four for congenital heart disease, and two for Wolff-Parkinson-White syndrome. Five patients had chronic atrial fibrillation, whereas the remainder were in sinus rhythm. Table 1 describes the population characteristics.
Immediately after surgical excision, the specimens were placed in a chilled nutrient solution containing (mM) NaCl 27, KCl 20, MgCl2 1.5, HEPES 5, and glucose 274 at a pH of 7.0 and were transported from the operating room to the laboratory.
Cell Isolation
Individual myocytes were isolated enzymatically using our previously described modification21 of the techniques of Bustamante et al. 13 Specimens were minced into small pieces using a fine razor and washed three times, 7 minutes each time, in oxygenated Ca2+-free Tyrode's solution containing (mM) NaCl 140, KCl 5.4, MgCl2 1.2, HEPES 5, and glucose 5 at a pH of 7.0 and a temperature of 37°C. The tissues were then incubated in oxygenated Ca2+-free Tyrode's solution containing Sigma type V collagenase (400 units/ml), Sigma type XXIV protease (0.5 units/ml), and bovine albumin (0.1%) at 37°C and were gently stirred with a magnetic stirring bar until isolated myocytes appeared, usually after 30-40 minutes. The tissue was then strained through a 200-,um nylon mesh to collect the individual myocytes. Myocytes were stored at room temperature in a modified KB medium23 containing (mM) KCl 25, KH2PO4 100, KOH 116, glutamic acid 80, taurine 10, oxalic acid 14, HEPES 10, and glucose 11 at pH 7.0 adjusted by KOH. The residual nondigested tissue was reincubated in the enzyme-containing solution for an additional 7-10 minutes, and the isolated myocytes were collected in the same manner as above. This process was repeated until viable myocytes could no longer be isolated. This procedure generally resulted in yields of -30% of normal-appearing, rodshaped, striated, Ca2+-tolerant human atrial myocytes suitable for electrophysiological study. This represents a substantial increase over our previously reported yields of 10-15%.21 Myocytes could be stored in good condition for up to 6 hours in KB medium. Patient No.  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  Age (years)  69  78  57  65  60  70  61  82  65  44  62  41  78  64  60  12  77  71  69  56  68  45  65  2  7  61  43  62  42   Disease state  CAD  CAD  VHD  CAD  CAD and VHD  CAD  CAD  VHD  CAD  VHD  CAD  CAD   CAD   VHD  CAD  WPW  CAD  CAD  VHD  CAD  CAD  CAD  VHD  CHD  WPW  CAD  VHD  CAD  CAD   Rhythm   SR  SR  SR  SR  SR  SR  SR  SR  SR  SR  SR  SR  SR  SR   SR   SR  SR  AF  SR  SR  SR  SR  AF  SR   SR   SR  SR  SR  SR  30  F  77  CAD and VHD  AF  31  M  81  CAD  SR  32  M  68  VHD  SR  33  M   61  CAD  SR  34  M  2  CHD  SR  35  F  77  CAD and VHD  SR  36  M  53  CAD  SR  37  M  59  CAD  SR  38  M  76  VHD  AF  39  M  5  CHD  SR  40  M  75  CAD and VHD  SR  41  F  66  CAD  SR  42  F  65  VHD  SR  43  M  57  CAD  SR  44   M  67  CAD  SR  45  F  2  CHD  SR  46  F  75  VHD  AF Age, age at operation; M, male; F, female; CAD, coronary artery disease; VHD, valvular heart disease; CHD, congenital heart disease; WPW, Wolff-Parkinson-White syndrome; SR, sinus rhythm; AF, atrial fibrillation.
Voltage-Clamp and Recording Techniques
The whole-cell voltage-clamp technique22 was used to measure the ionic current. The myocytes were placed in an experimental chamber and superfused with an "external solution" containing (mM) NaCl 5, MgCl2 1.2, CaCl2 1.8, CsCl 5, tetramethylammonium chloride 125, HEPES 20, and glucose 11, adjusted to a pH of 7.4 by tetramethylammonium hydroxide and maintained at 17±+1C. In experiments in which [Na+]0 was varied, NaCl concentration was varied to obtain the desired Na+ concentration. To change Na+ concentration, Na+ was replaced by tetramethylammonium in equimolar amounts. In all but a few experiments, the solution used to fill the glass recording pipettes (pipette solution) contained (mM) NaCl 5, CsF 145, and HEPES 5 and was titrated to a pH of 7.2 with 1 M CsOH. For some experiments the pipette solution contained 2.8 mM NaCl. The results were virtually identical. All figures show recordings from experiments carried out using 5 mM NaCl. K' ions were replaced by Cs+ ions in both the external and pipette solutions, and the F-ion was included in the pipette solution to block the Ca21 current. The K' and Ca21 currents were assumed to be negligible under these conditions.9 TTX (Calbiochem Corp., La Jolla, Calif.) was prepared as a 1 mM stock solution and diluted to the desired concentration by mixing with external solution at the time of the experiment.
The voltage-clamp circuit was basically the same as that designed by M. Yoshii. 24 Glass suction pipettes (model TW 150, World Precision Instruments, Sarasota, Fla.) with a direct current resistance of 5700 K&Q were used. When the electrode was filled, the liquid junction potential between the pipette and external solution averaged -3 mV and was not compensated for. Data from experiments showing maximal INa amplitudes of more than 5 nA, the "threshold phenomenon" during voltage steps to the activation voltage for INa,25 or inappropriately steep negative slope regions in the peak INa-vOltage curves were discarded. The decay phase of the capacitative transient was well described by a single exponential with a time constant of 226.9±10.9 ,usec (n=46). Compensation for series resistance was not applied to speed the decay of the capacitative transient. The inset of Figure 1A shows an example of the decay phase of the capacitative transient. The cell capacitance (C) was calculated from the equation C=Q/V (1) where Q is total charge movement determined by integrating the area defined by the capacitative transient and V is the voltage. The mean cell capacitance was 126.8±+10.3 pF (n=46). The current recordings were filtered at 5 KHz (analog two-pole active filter), then digitized at a sampling rate of 10 KHz, and stored for subsequent analysis on an LSI 11/73 computer (Digital Equipment Corp., Marlboro, Mass.). Capacitative transients and linear leakage currents were subtracted digitally, using the P+P/n method described by Bezanilla and Armstrong.26 Exponential fits and fits to a single Boltzmann distribution were determined by computer using a nonlinear least-squares fitting routine.
Mathematical Analysis
The fitted curve for the Na+ conductance/maximal The holding potential (Vh) was -140 mV. Depolarizing pulses in 10-mVsteps were appliedfrom -70 to +20 mV Test pulses were applied at 0.1 Hz. The leak current and capacitative transient were subtracted digitally. Inset: An example of the decay phase of the capacitative transient obtained using a 10-mV depolarizing pulse. The fitted line also is shown. The decay phase was wellfitted by a single exponential with a time constant of212.4 psec. Cell capacitance was calculated, using Equation 1, to be 116.1 pE. Panel B: Graph showing currentvoltage relations between -100 and +20 mVfrom the same experiment shown in panel A. Activation of inward current was detected at -70 mVVVm, membrane voltage. Application of10-mVdepolarizing steps resulted in a gradual increase in current amplitude, the current becoming outward at a potential slightly negative to 0 mV.
where Vmid is the voltage (V) at which gNa is half maximal and s is the slope factor for the conductance increase. The Na+ equilibrium potential (ENa) at 17°C was calculated in accordance with the Nernst relation using the equation
The TTX dose-response curve with a one-bindingsite model was calculated according to the equation Relative INa= 1/{1 + ([TTX]/Kd)j} (4) where Kd is the dissociation constant and n is the stoichiometry for TTX binding. The curve corresponding to a two-binding-site model with one-to-one binding was described by the equation
ENa=57.1 log([Na'JJ[Na'li) (2) where A is the maximal relative IN, value for the low-affinity site and Kdl and Kd2 are the dissociation constants for low-and high-affinity sites, respectively. The time course of INa decay was fitted to an equation describing the sum of two exponentials: INa = Alexp(-trf) + A2exp( -t/r) + AO (6) where rf and r, are the fast and slow time constants, respectively, and A1, A2, and AO are the amplitudes of rf, r,, and steady-state, respectively.
The fitted curve for steady-state inactivation (h.) was obtained using the equation27 h. = 1/{1 +exp[(V-V1/2)/k]} (7) where V1/2 is half-inactivation voltage and k is the slope factor for voltage dependence.
Statistical Analysis
Data are expressed as mean±SEM. Differences in group mean values were assessed by one-way analysis of variance and a Student-Newman-Keuls test of critical differences. An F test was used to determine the best fit for dose-response curves to either a oneor twobinding-site model and was based on the residuals from the calculated fit. A regression analysis of the influence of age on the voltage dependence of h. showed little relation, probably as the result of the small sample size for patients under 40 years old (n =6). A value ofp <0.05 was considered significant.
Results Human Atrial INa
Typical original current tracings from an isolated single human atrial myocyte are shown in Figure 1A . The data were obtained from a holding potential of -140 mV using a series of 10-mV step depolarizing test pulses from -70 to + 20 mV. An inward current was first detected between -70 and -60 mV. It increased in magnitude with increasing amounts of depolarization and reached maximal peak amplitude at -30 mV. Further depolarization to potentials positive to -30 mV decreased inward current, and it became outward at potentials slightly negative to 0 mV. The outward current increased on depolarization to potentials positive to 0 mV. Figure 1B shows the current-voltage relation for leak-corrected data for the cell shown in Figure 1A . Current-voltage relations were obtained for all 46 specimens. All myocytes showed a similar activation threshold and voltage at which maximal peak inward current occurred irrespective of disease state and patient age. Mean maximal peak INa normalized to cell capacitance was 17.8± 1.4 pA/pF in those cells in which
[Na+]i=[Na+]o=5 mM (n=37). There was no significant difference between maximal normalized peak INa measured under the same experimental conditions in cells isolated from patients with coronary artery disease and valvular heart disease (18.5±1.6 pA/pF, n=19, compared with 19.4±4.0 pA/pF, n=9; NS). Figure 2 shows the normalized peak gNa-voltage relation obtained for all 46 specimens. gNa was calculated using the peak current value at each potential. The curve was fitted to Equation 2. gNa began to increase at approximately -70 mV and reached a maximum at + 10 mV. The mean voltage for Vmid was -38.9±0.9 mV, and which gNa is half maximal and the slope factor were -38.9±0.9 and 6.5±+0.1 mV, respectively (n=46). k was 6.5 +0.1 mV (n = 46). Before normalization, maximal gNa was 0.65±0.05 nS/pF (n=46).
[Na+]0 and INa
To determine whether the ionic current under study was carried primarily by sodium ions, the effects of varying [Na+]0 were assessed. Figure 3A shows currentvoltage relations at a holding potential of -140 mV.
Changes in [Na+]o did not affect the voltage at which the peak current occurred. In this experiment, the difference in the reversal potential between [Na],I=2 mM (-25 mV) and [Na+]o=20 mM (+30 mV) was 55 mV.
At 17°C, ENa can be calculated using Equation 3 . The change in ENa with a 10-fold change of [Na+]0 would be expected to be 57.1 mV. Data from three other experiments with a pipette [Na+] of 5 mM were substantially similar; i.e., the change in the reversal potential for a 10-fold change of [Na+]0 was 56.5±+2.2 mV (n=4). Figure 3B shows the relation between the reversal potential and [Na+]o (n =4). The data were well fitted by the Nernst equation. These results indicate that the observed current was carried almost entirely by sodium ions.
Effects of TTX on INa
We studied the effects of the selective Na+ channel blocking agent TTX28 to verify that the Na+ current that we observed moved through Na+-specific channels and to determine its sensitivity to TTX. Figure 4A shows TTX effects on INa. TTX concentrations of 1 and 10 ,uM blocked =40% and =90% of the current, respectively. TTX (100 ,uM) blocked the inward current completely, indicating that there were no time-dependent currents flowing through L-or T-type Ca2+ channels or through inward or delayed rectifier K+ channels. The currentvoltage relation at a holding potential of -140 mV is shown in Figure 4B . TTX did not alter the activation threshold, the voltage at which maximal peak INa was observed, or the reversal potential. Also, the proportion of block was the same in the voltage range of -30 to +20 mV. The mean values for the reversalpotential were plotted against [Na +1 on a semilogarithmic scale (n=4). The reversal potential was determined by the intersecting point on the current-voltage relation curve. The data were well fitted by a line drawn according to the Nernst relationship at 17°C. Figure 4C shows the dose-response curve for TTX. TTX reduced the current in a dose-dependent manner. The fitted solid line was described by Equation 4 . When n=1, the data were best fitted as shown in Figure 4B with a Kd=l.l ,uM (n=8). Although the data were reasonably well described by this equation, there was some deviation from the calculated curve at a concentration range of 10-8-3x10 -M, suggesting the possibility of two binding sites. Therefore, we tried to fit the data to a two-binding-site model with one-to-one binding. The fitted dotted line was drawn according to Equation 5 . The data, especially at low TTX concentrations, were better fitted by this equation, yielding values for A=0.92, Kdl = 1.3 ,uM, and Kd2=0.025 liM, suggesting that TTX binding involved both high (8%) and low (92%) affinity sites. The mean square error for the best fit according to a one-binding-site model versus a twobinding-site model showed a significantly better fit with a two-binding-site model when compared using an F test (p<O.OO5).
Inactivation of INa
The voltage and time dependencies of INa inactivation play an important role in defining current kinetics. The time course of inactivation of lNa was measured in two ways: 1) by calculating the exponentials that best fit the w...>E~Ũ Graph showing current-voltage relations under control conditions and after exposure to 1 and 10 ,uM TTX. Vm, membrane voltage. The test pulse was applied at 20-second intervals. TTXdid not alter the thresholdpotential, the voltage at which peak current occurred, or the reversalpotential. The proportion of the block was the same in the voltage range of -30 to +20 mV Panel C: The TTXdose-response curve for eight experiments. The solid line is drawn according to the fit provided by Equation 4 with n=1. The dotted line was obtained using a two-binding-site model with one-to-one binding as described by Equation 5 .
decay phase of INa evoked by 100-msec test pulses and 2) by use of a double-pulse protocol. Figure 5A shows INa elicited at holding potentials of -140 to -40 mV (top) and -20 mV (bottom). In each case, the decay phase of INa was well fitted by an equation describing the sum of two exponentials.6 rf values for eight myocytes were 2.62+0.14, 3.68+0.23, 5.56±0.32, and 9.31±0.63 msec, and r, values were 11.9+1.0, 16.9±2.0, 40.7±5.7, and 59.2±0.6 msec at test potentials of -20, -30, -40, and -50 mV, respectively. As shown in Figure 5B , both rf and r, were voltage dependent and increased as the test potentials became more negative. The contribution of rf to the total development of inactivation was always much larger than that of rs at all potentials tested.
To examine the time course of inactivation in the voltage range where INa cannot be elicited, we used a double-pulse method.9 As shown in Figure 6 , inactivation was produced by a conditioning pulse to either -80 or -100 mV, the duration of which was then increased from 2 to 2,000 msec. This was followed by a return to -140 mV for 2 msec, at which time a test pulse to -20 mV was imposed. The tioning pulse. Figure 6 shows semilogarithmic plots of the normalized values for INa as a function of conditioning pulse duration. The data were well fitted to the sum of two exponentials at both -80 and -100 mV. The inactivation rate was faster at -80 than at -100 mV. Mean values were 79.1+9.1 and 133.5 +30.9 msec for if and 354.4±23.8 and 646.4± 15.1 msec for r, at -80 and -100 mV, respectively (n=4). At these potentials, if represented a larger proportion of the total than did -, (0.68±0.07 and 0.60±0.06 at -80 and -100 mV, respectively).
Steady-State Availability of INa
We used a double-pulse protocol to study the voltage dependence of steady-state availability (h) of 'Na,
Patch-clamp studies on other mammalian species have shown a time-dependent hyperpolarizing shift of the h.
curve.2930 To minimize this effect, the data were recorded within 15 minutes of gaining access to the cell interior and confirmation of the stability of the current recording. Figure 7 summarizes the h. and gNa curves generated from all 46 specimens. The current elicited by the test pulse was normalized to that obtained in the absence of a conditioning pulse. Mean values for h.
were plotted against conditioning pulse potentials (filled circles). The fitted curve was well described by Equation 7 . From that equation, the mean value of VI,2 for cells from all 46 specimens was -95.8+0.9 mV, and the slope factor was 5.3 +0.1 mV. These parameters did not appear to be appreciably influenced by disease state, and no differences were observed between myocytes from patients in sinus rhythm and atrial fibrillation ( Table 2 ). Although the values did not achieve statistical significance, it appeared that VI/2 of the valvular heart disease group was more positive than VI/2 in patients who had either coronary artery disease or both conditions. However, small sample size prevented a more complete analysis of this trend. Also, we did not note any significant relation between age and values for V1,2 (p=0.76) and k (pa=0.92).
Also, note in Figure 7 that there is a region of overlap of the h. (filled circles) and gNa (filled squares) curves.
At the crossing point, the values were as follows: h,=normalized gNa=0.02 at -70.2 mV. The overlap of the two curves provides suggestive evidence for the presence of a Na+ "window" current.3'
Recovery of INa From Inactivation
The time course of recovery of 'N. from inactivation was assessed at several recovery potentials using the double-pulse method. The conditioning pulse was generated by steps to -20 mV for 1,000 msec. This was followed by a 2-1,000-msec recovery period at potentials of -140, -120, -110, -100, or -90 mV. The test pulse was then imposed during a step to -20 mV. The amplitude of the INa elicited by the test pulse was normalized to that elicited by the conditioning pulse. Figure 8A illustrates the normalized current amplitude at recovery potentials of -140, -120, and -100 mV. Recovery of INa from inactivation was voltage dependent; the rates increased at more negative potentials. Figure 8B shows a semilogarithmic plot of the normalized unrecovered fractions against recovery time for the same experiment. The data were well fitted by the sum of two exponentials, indicating that recovery occurred via both a fast and a slow process. Both were voltage dependent and accelerated at more negative potentials. Recovery occurred after an initial time delay except at a recovery potential of -140 mV as shown in the inset of Figure 8B . This initial time delay increased at less negative recovery potentials. Figure 9 shows a plot of mean values for the recovery time constants as a function of recovery potential (n=4-12). The contribution of if to total recovery from inactivation was larger than that of rs at all recovery potentials tested, increasing still further at more negative potentials. INa, fast Na+ current; rf, fast time constant; r,, slow time constant. Inactivation was induced by increasing the conditioning pulse duration. Conditioning pulses were applied to -80 and -100 mV Pulse frequency was 0.1 Hz. Current magnitude during the test pulse was normalized to levels obtained in the absence of a conditioning pulse. Normalized values were plotted against conditioningpulse duration on a semilogarithmic scale. The data were well fitted by the sum of two exponentials.
Conditioning Pulse Duration (msec) normal-appearing, Ca 2+-tolerant isolated myocytes from 46 patients undergoing corrective cardiac surgery for a variety of congenital and acquired types of heart disease. In general, the electrophysiological characteristics of human atrial INa, including kinetics of the development and recovery from inactivation, appear to be similar to those reported for normal cardiac cells from other mammalian species. The existence of a Na+ window current, which had not been defined previously for human heart, was also suggested. Overall sensitivity to TTX was also similar. However, in contrast to findings in other mammalian species,32-34 the TTX dose-response curve provides suggestive evidence for the presence of both highand low-affinity binding sites.
Finally, the determinants (V1/2 and k) of steady-state availability of INa did not differ for cells from patients with different disease states and of different ages.
1.
=8-80 -60 Myocytes from patients in sinus rhythm and atrial fibrillation also did not differ in this regard.
Current-Voltage Relation
Using low resistance electrodes and low temperature (17°C) and extracellular Na+ (5 mM), we were able to achieve good voltage control, as evidenced by the fact that the current-voltage relation showed a gradual increase in the negative slope region and a fast decay of the capacitative transient without demonstrating a threshold phenomenon. 25 The relatively small cell size of human atrial myocytes17,18 also contributed to good voltage control. The characteristics of the currentvoltage relation were consistent with those previously reported for isolated human atrial myocytes.1415 The reversal potential of INa at 5 mM [Na+]0 did not reach 0 mV in our experiments, a finding that was probably due The voltage dependence of h, was studied using a double-pulse protocol consisting ofa 1-second conditioning pulse from a holding potential of -140 mV at 0.1 Hz (inset at lower left). Current amplitude elicited during the test pulse was normalized to that in the absence of a conditioning pulse. Mean values for all 46 specimens are plotted against the conditioning potential (filled circles), and the data were fitted according to Equation 7 . The line fitted to the filled squares represents normalized gNa. This gNa curve is the same as that shown in Figure 2 . at least in part to the liquid junctional potential. The possibility that small outward Cs+ currents moving through the Na+ and K' channels may have contributed to net current must also be considered in view of the fact that Cst was substituted for Kt in both pipette and bath solutions.35,36 Furthermore, it is possible that the introduction of F-ions to the pipette solution could have influenced our results by activating G proteins when combined with even trace aluminum contaminants.37 It is still unclear how this nonspecific activation of G proteins could affect our results in cardiac INa.
Assuming that the gNa curves represented only activation of INa, i.e., without contamination by the inactivation process, findings that the gNa and h. curves overlapped suggest that human atrial myocytes may generate a Nat window current. 31 The overlap was observed between z-90 and -50 mV, a considerably more negative voltage range than that reported for mammalian cardiac cells.31,38 However, because of the time-dependent29,30 and possible temperature-depen-dent39 shift in h., the actual voltage dependence of inactivation is probably quite positive to our calculated value of VI/2= -96 mV. Thus, our results would underestimate the amount of Nat window current and would suggest that its voltage range is more negative than should in fact be true. The result would be a significant contribution of a Nat window current to action potential plateau duration and possibly to resting potential. Although we do not yet have any information about the contribution to action potential duration, there is evidence that resting potential in depolarized human atrial preparations (aa--44 mV) can be hyperpolarized by over 7 mV in the presence of only 6 ,uM TTX.40 This indicates that a large resulting inward INa leak could be at least partly responsible for the low resting membrane potentials reported to occur in multicellular human atrial preparations41,42 and in isolated human atrial myocytes. 18 was not good, prompting us to consider the presence of a second binding site. Consequently, when the data were fitted according to a two-binding-site model, both low and high concentrations were well described by this relation, a finding suggestive of the existence of two populations of Na+ channels showing high and low affinities to TTX. It is not clear why comparable studies on cardiac cells from other mammalian species have not previously provided direct evidence of two TTX binding sites. In our experiments, channels with high TTX affinity binding sites comprised only approximately 8% of the total INa. Possibly other species have a much smaller proportion of high affinity sites, which may make them more difficult to detect using available methods. However, our findings are in agreement with suggestive evidence for the presence of two types of Na+ channels in chick ventricular myocytes44 based on differential TTX sensitivities.
Inactivation of Human Atrial INa
The inactivation time course of human atrial INa was characterized by a double exponential. This is consistent with findings in rat ventricular myocytes,25645 canine Purkinje cells,7 and cat atrial and ventricular myocytes. 8, 9 Our observations of two exponential time courses for development of inactivation could be interpreted to suggest the presence of two populations of Na+ channels that may or may not be related to those showing different sensitivities to TTX. However, single Na+ channel recordings have not provided evidence of two populations of Na+ channels with different mean open times or of Na+ channels with long latencies.5'45 Alternatively, the slow component of inactivation could reflect multiple reopenings of the Na+ channels as opposed to a second population of channels. 5, 6, 46 Findings that the inactivation time course at -80 and -100 mV could be described by two exponentials suggest the possibility of two different processes responsible for the development of inactivation from the closed state. Since very few transitions would be expected through the open state at such negative potential levels, most Na+ channels probably go directly from the closed state to an inactivated state. 9, 47, 48 Finally, our observations that the contribution of the slow component of INa inactivation was much smaller than that of the fast component, especially at potentials positive to the threshold potential, suggest that the slowly inactivating component of INa may make only a small contribution to the plateau phase of the human atrial action potential.
Steady-State Inactivation
The slow rate of INa inactivation at potentials of -80 to -100 mV made it necessary to apply long depolarizing pulses to achieve complete steady-state inactivation. The 1-second conditioning pulse we used to study steady-state inactivation was probably still not long enough for this potential range. However, longer conditioning pulses would tend to cause a shift of the steady-state inactivation curve toward more negative potentials.46 The more negative values for V1/2 that we found as compared with those previously reported for human atrial myocytes14 are probably best accounted for in terms of the longer conditioning pulses used.4 '49'50 However, this would not explain the fact that our values for V1/2 also were more negative than those reported for cat atrial myocytes,9 since 1-second conditioning pulses were used in both studies. It could reflect a faster development of inactivation in human as compared with cat atrial myocytes or a faster initial time-dependent shift due to an artifact resulting from the patch-clamp technique itself.29 '30 The possibility that the discrepancy reflects small differences in experimental conditions also cannot be excluded. Finally, our steady-state availability curves indicate that some Na+ channels were still inactivated at potentials as negative as -120 mV (h.= 0.98±0.01, n=46).
Recovery from Inactivation
Measurements of the rate of recovery from inactivation revealed that the time course of recovery was well described by the sum of two exponentials, suggesting the presence of more than one pathway from the inactivated state to the closed state or of at least two different inactivated states.2'9'46 However, the fact that recovery from inactivation was associated with an initial time delay at most recovery potentials suggests a linear rather than a parallel scheme describing the relation between the inactivated and closed states. In light of studies on nerve showing that such an initial time delay reflects the time for transition between one inactivated state and another,46 this finding of a delay also suggests that the inactivated state in human atrium may have multiple substates. Similar observations have been reported in other mammalian cardiac myocytes, including cat atrial myocytes,9 sheep Purkinje fibers,49 and guinea pig51 and rat2'52 ventricular myocytes. A clear-cut initial delay was not detected at holding potentials of -140 mV, possibly as the result of the limitation of the voltage-clamp amplifier. How-ever, the fact that the delay increased at more positive holding potentials suggests the presence of a voltagedependent process affecting recovery from inactivation that is independent of technical limitations. Experiments in which the inactivation time course was determined in conjunction with an increasing conditioning pulse duration provide suggestive evidence for the existence of more than two inactivated states in a number of types of mammalian cardiac cells.9495152 However, our experiments did not allow us to clarify this matter for human atrial INa.
INa and Heart Disease
The fast inward Na+ current is known to play a major role in the generation and conduction of the cardiac impulse. 53 The increased predisposition for patients with structural heart disease to develop conduction disturbances and dysrhythmias54 suggests that disease may alter cardiac INa. The possible involvement of INa in disease is also implied by findings in glass microelectrode studies on multicellular specimens of ischemic animal heart55 and chronically diseased human heart11'56 of lower than expected values for Vmax relative to the level of membrane potential and of postrepolarization refractoriness in well-polarized cells.
Comparisons of INa characteristics for cells from patients with different disease states are of interest in this regard. All specimens were derived from patients with structural heart disease. Of the total of 46 patients, a minimum of 14 can be presumed to have had atrial disease/dysfunction (five patients with atrial fibrillation, four with coronary heart disease, and five with mitral valve disease without atrial fibrillation). Specimens from at least some of the remainder also may have been altered to a variable extent by the disease process. The current-voltage relation and the h. curve were defined for cells from all 46 patients. These parameters, as well as all other parameters studied, did not differ for the several patient/rhythm groups (data not shown). Highand low-affinity TTX binding sites aside, the determinations also were similar to those for normal hearts of other species.1-10
In our experiments, we found no statistical evidence that there were any differences between patient disease groups. It is possible that we simply failed to detect any existing differences in inactivation parameters because of the low sample number for several disease states or our decision to examine only these characteristics. However, in a more thorough and recent study of the effects of disease on a wider field of INa variables in human atrial myocytes, including V1/2, k, INa density, and Na+ conductance (T. Furukawa, Y. Sakakibara, J.A. Wasserstrom, H. Jia, C. Backer, C. Arentzen, and D.H. Singer, unpublished observations), we found that disease state did not significantly alter any of these characteristics of INa in 137 human atrial specimens. The present results are less broad in scale but permit nearly the identical conclusion. We did note that VI12 for the coronary artery disease and the coronary artery disease and valvular heart disease groups were nearly identical and that both differed slightly from valvular heart disease alone. Although might suggest a trend that needs additional study to define disease group differences.
The absence of intergroup and interspecies differences is open to a number of possible interpretations. 1) The disease processes involved did not affect atrial Na. 2) Changes due to disease were reversed on the removal of the cells to a more normal milieu. 3) The right atrial appendage specimens were not representative of the atrium as a whole. 4) The cells studied were normal, the diseased ones having been destroyed by the isolation process. 5) Experiments were limited to normal-appearing Ca2+-tolerant cells.
Available data do not permit clear-cut distinctions between these and other possibilities. However, with respect to the first possibility, it is pertinent that the lower than expected Vm&,, for the level of potential and the occurrence of postrepolarization refractoriness in well-polarized cells can be explained in terms other than direct effects on the Na+ channel, e.g., electrotonus and alterations of electrical geometry.11,57 Insofar as reversal of disease-induced changes after removal to a more normal environment is concerned, the most readily reversible changes are probably those related to ischemia and hypoxia.115558 Mechanical changes, such as those associated with stretch, also are potentially reversible, although the restorative process is likely to take longer and is less likely to be complete.' 158, 59 Probably ischemia and hypoxia are not as important with respect to atrium as is stretch. Finding that INa was normal in cells studied moments after completion of the isolation process and that the currents of such cells did not differ from those of cells recorded several hours after isolation may mitigate against the possibility that stretch-related changes present in vivo are reversed on removal from the heart. However, the matter is obscured by the effects of anesthesia and other interventions associated with surgery. In addition, several other possibilities cannot be discounted. For example, our nonphysiological experimental conditions may have obscured the differences between patient groups, such as low [Na+]o and temperature and dialysis of the cell interior eliminating metabolic components. Finally, we had to select experiments that met our criteria for adequate voltage clamp, and this in itself might have assured selection of similar cell types. The lack of true normal controls compounds these problems of interpretation.
Finally, our data do not provide clear-cut evidence for age-related changes in INa. However, this could reflect the fact that, despite the apparently broad age range (2-82 years) of our population, 40 of 46 patients were over 40 years old, a range in which changes are probably less likely than at younger ages.17'56'60 Further study of age-related changes in INa characteristics is continuing in our laboratories.
